microvascular permeability; mitogen-activated protein kinases; endothelial cells; vascular endothelial growth factor; protein kinase C THE ENDOTHELIUM of capillaries and postcapillary venules forms a semipermeable barrier that coordinates exchange between the bloodstream and tissues in response to changing tissue environments. Inflammatory mediators compromise this barrier function, resulting in increased permeability and tissue edema. VEGF is the most potent stimulator of permeability currently known, being 50,000 times more potent than histamine (13, 36) . VEGF is released by hypoxic or injured tissues and increases nutrient delivery by increasing blood flow and microvascular permeability and by promoting angiogenesis (4, 38) .
VEGF binds to at least two transmembrane tyrosine kinase receptors on endothelial cells, named Flt-1 (VEGF receptor-1) and Flk-1/KDR (VEGF receptor-2) (27, 32) . Binding of VEGF to KDR results in tyrosine phosphorylation and activation of phosphatidylinositol 3-kinase (PI3K) (17) and phospholipase C-␥ (PLC-␥) (17, 23, 28, 45) . PLC-␥ causes the formation of diacylgylcerol and inositol (1,4,5)-trisphosphate, which activate PKC and the release of Ca 2ϩ from internal stores, respectively (7) . There is evidence, however, that VEGF mediates increases in Ca 2ϩ by increasing Ca 2ϩ flux across the plasma membrane (8) . PI3K stimulation results in activation of Akt (14) . PKC, calcium, and Akt all activate endothelial nitric oxide (NO) synthase (eNOS), leading to increased NO release, which is associated with vasodilation and increased vascular permeability (11, 15, 20, 26, 33) . A role for PLC-␥, PKC, calcium, and NO in VEGF-induced hyperpermeability has been confirmed in isolated coronary venules (45) , and the involvement of PI3K/Akt and NO was demonstrated in human umbilical vein endothelial cell (HUVEC) monolayers (25) .
Studies with pharmacological inhibitors have suggested a role for the p42/44 MAPKs (also known as ERK-1/2) in VEGF-induced hyperpermeability (5, 21, 25) . Growth factors are thought to activate ERK-1/2 through the Ras-Raf-MEK pathway (9) . There is evidence, however, that VEGF-induced ERK-1/2 activation occurs via Ras-independent pathways involving PKC (12, 39) and PKG (30) . We have previously shown that blockade of ERK-1/2 with AG-126 inhibits hyperpermeability in response to the PKG activator 8-bromo-cGMP (30) . In addition, phorbol ester-mediated activation of ERK-1/2 and hyperpermeability involves PKC and Ras (43) . No study to date, however, has examined the upstream mediators of ERK-1/2 in VEGFmediated hyperpermeability.
To advance knowledge on the role of ERK-1/2 in VEGF-induced hyperpermeability, we depleted ERK-1/2 from endothelial cells using an approach based on antisense oligonucleotides. We also tested the role of MEK and Raf-1, two upstream regulators of ERK-1/2 activity, in VEGF-induced hyperpermeability. In addition, we tested whether PKC and NOS significantly modulate VEGF-mediated ERK-1/2 phosphorylation. Our data demonstrate that VEGF increases permeability by at least two different pathways: one involving Raf-1, MEK, and ERK-1/2; and the other involving NOS. We also demonstrate that PKC, which increases permeability via increased NO production (20, 33) , is a mediator of VEGF-induced ERK-1/2 phosphorylation and hyperpermeability.
MATERIALS AND METHODS
Reagents and antibodies. Endothelial growth medium (EGM) and serum-free endothelial basal medium (EBM) were obtained from Clonetics (San Diego, CA). Fibronectin, OptiMEM, and trypsin-EDTA were from Life Technologies (Grand Island, NY). PD-98059 was from BioMol (Plymouth Meeting, PA). Raf-1 kinase inhibitor I (GW-5074), bisindolylmaleimide (BIM) I, BIM V, S-nitroso-N-acetyl penicillamine (SNAP), and 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) were from Calbiochem (San Diego, CA). TransIT-LT-1 polyamine transfection reagent was from Mirus (Madison, WI). The enhanced chemiluminescence (ECL) detection kit was from Amersham (Buckinghamshire, UK). VEGF, antibodies to ERK-1/2, diphosphorylated (Thr-183 and Tyr-185) ERK-1/2, horseradish peroxidase-conjugated anti-rabbit IgG, anti-mouse IgG secondary antibodies, FITClabeled Dextran 70 (FITC-Dx 70), N G -nitro-L-arginine methyl ester (L-NAME), bicinchoninic acid protein assay reagents, and all other reagents, unless specified, were from Sigma.
Cell cultures. Primary HUVEC were obtained from Clonetics. HUVEC were grown in EGM at 37°C under 5% CO 2-95% air. Cells were passaged by trypsinization with trypsin-EDTA and were seeded onto fibronectin-coated, 12-mm-diameter, 0.4-m pore Snapwell polycarbonate membranes (Costar; Cambridge, MA) for permeability experiments. Cells used for immunoblot analysis were grown in six-well tissue culture plates. All experiments used passages 2-4 HUVEC.
Endothelial monolayer permeability experiments. The HUVEC monolayer permeability model has been previously described (25, 42) . Briefly, HUVEC were grown on fibronectin-coated polycarbonate membranes for 6-7 days to achieve confluence. The membranes were rinsed with phenol red-free (PRF) EBM (EBM Clonetics) and inserted between two chambers of a prewarmed diffusion system (Navicyte; San Diego, CA). For operational purposes, the chamber facing the side on which the cells were grown is referred to as the "luminal" side and the other chamber as the "abluminal" side. The temperature of the system was maintained at 37°C by a circulating water bath, and the pH of the media was maintained at 7.4 by bubbling of 5% CO 2-95% N2. The bubbling also served to stir the medium. The system was allowed to equilibrate with cells for 15-30 min. After the equilibration period, the media in the luminal chamber were replaced with warm PRF EBM containing 10 mg/ml FITC-Dx 70.
To determine the baseline flux of FITC-Dx 70, 20-l samples were taken from the abluminal chamber at 0, 15, 30, 45, and 60 min. In some experiments, pharmacological inhibitors were added at the beginning of the baseline period. Flux was calculated as the slope of the best-fit line of accumulated FITC-Dx 70 versus time, using the least-squares method. After the 60-min baseline period, 1 nM VEGF, 100 M SNAP, or the appropriate vehicle was added to the chamber, and 20-l abluminal samples were taken at 65, 75, 90, 105, and 120 min to determine FITC-Dx 70 flux. In some experiments, the pharmacological inhibitor of interest was added after the 60-min baseline period, in place of VEGF, to determine any direct effect of the inhibitor. Samples (5 l) from the luminal chamber were taken at 0, 55, and 120 min to determine the luminal concentration of FITC-Dx 70. The samples were diluted in 1 ml distilled water, and the amount of FITC-Dx 70 present was determined with a Perkin-Elmer Fluorescence Spectrophotometer (LS-3, Perkin-Elmer; Norwalk, CT). Permeability of the monolayer to FITC-Dx 70 was Pharmacological inhibitors. PD-98059 and GW-5074 were used to block MEK and Raf-1, respectively. PD-98059 is a selective inhibitor of MEK and can effectively attenuate ERK-1/2 activation by growth factors at a range of 10-100 M (2, 29). We used a concentration of 20 M PD-98059, which has previously been demonstrated to inhibit VEGFmediated permeability (21) . GW-5074 is a novel inhibitor of Raf-1 that blocks ERK-1/2 activation at a concentration of 5 M (24). We tested concentrations of 0.5, 1, and 5 M GW-5074 in our ERK-1/2 phosphorylation experiments. To test the involvement of PKC pathways in ERK-1/2 phosphorylation, we used BIM I, a broad PKC inhibitor. BIM I effectively blocks PKC activity at a range of 5-20 M without affecting other protein kinases (41) . We used BIM I at a concentration of 10 M because it blocks PMA-and VEGF-induced hyperpermeability in isolated coronary venules (20, 45) . In addition, we utilized an inactive form, BIM V, as a negative control.
To block NO production, we used the arginine analog L-NAME. We and others have shown that 100 M N -monomethyl-L-arginine (L-NMMA) effectively blocks PKC-mediated microvascular hyperpermeability (20, 33) and platelet activating factor-mediated hyperpermeability (34) . In addition, we have shown that 200 M L-NMMA attenuates VEGF-mediated permeability in HUVEC monolayers (25) . For the current study, we chose a concentration of 200 M L-NAME to ensure blockade of NOS. To achieve a more complete assessment of the role of NO, we used SNAP as a donor, and PTIO as a NO scavenger. We used PTIO at concentrations ranging from 1 to 1,000 M to test the role of NO in ERK-1/2 activation. PTIO effectively attenuates AChinduced vasorelaxation over a concentration range of 100-300 M (1).
Depletion of ERK-1/2 with antisense oligonucleotides. Phosphorothioate oligonucleotides were synthesized at the University of Medicine of New Jersey-New Jersey Medical School Molecular Resource Facility. HUVEC were grown to confluence in six-well plates or on polycarbonate membranes. The medium was replaced with serum-free OptiMEM containing 6 l/ml TransIT-LT1 polyamine transfection reagent and 6 g/ml of either ERK-1/2 antisense oligonucleotides (35) (5Ј-GCC GCC GCC GCC AT-3Ј), sense control oligonucleotides (5Ј-ATG GCG GCG GCG GCG-3Ј), or scrambled control oligonucleotides (5Ј-GCG GCG CTC GCG CAC CC-3Ј) for 3 h. The medium was then replaced with EGM containing 6 g/ml of the appropriate oligonucleotide for an additional 16, 24, or 40 h, after which cells were either used for permeability experiments or harvested to measure the degree of ERK-1/2 depletion.
Immunoblot analysis. Protein was extracted on ice with a lysis buffer containing 1% Triton X-100, 50 mM Tris (pH 7.4), 150 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM Na 3VO4, and 50 mM NaF in distilled water. After 15 min of incubation at 4°C, the lysate was centrifuged at 14,000 g for 15 min at 4°C, and the pellet was discarded. Protein concentrations of the supernatants were determined by the bicinchoninic acid protein assay. Supernatants were mixed 4:1 with 5ϫ Laemmli sample buffer and boiled for 7 min. Equal amounts of protein for each sample were loaded into 10% polyacrylamide gels, separated by SDS-PAGE, and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad; Hercules, CA) by electrophoretic elution. Total ERK-1/2 or dually phosphorylated (Thr-183 and Tyr-185) ERK-1/2 was detected with the appropriate primary and secondary antibodies and visualized with the ECL system (Amersham). We performed this process by either reprobing the same PVDF membranes or using different membranes. Band intensities were determined using an IS-1,000 imaging system (Alpha Innotech; San Leandro, CA).
Statistical analysis. All data are presented as means Ϯ SE. Permeability data are expressed as paired bars expressing mean permeability for the 1-h baseline period and the 1-h period after the addition of VEGF, SNAP, vehicle, etc. Immunoblot data are presented as a band intensity ratio of dually phosphorylated ERK-1/2 to total ERK-1/2. Groups were analyzed for differences by one-way ANOVA, followed by Tukey's test. Significance was accepted at P Ͻ 0.05.
RESULTS

Time course of VEGF-induced phosphorylation of ERK-1/2.
We first investigated the ability of VEGF to activate the ERK-1/2 signaling pathway by studying the time course of VEGF-induced phosphorylation of ERK-1/2 on Thr-183 and Tyr-185. VEGF caused a time-dependent increase in active ERK-1/2, as evidenced by immunoblotting with specific antibodies for the active, dually phosphorylated form of ERK-1/2 (Fig.  1) . Maximal detection of phosphorylated ERK-1/2 was observed after a 5-min exposure to 1 nM VEGF, and a decline in ERK-1/2 activity was apparent by 15 min (Fig. 1, A and B) . We have observed a similar time course of VEGF-mediated ERK-1/2 phosphorylation with adult human dermal microvascular endothelial cells (unpublished observations). VEGF-induced ERK-1/2 phosphorylation was concentration dependent over the range of 0.01-1.0 nM (Fig. 1, C and D) . Because 1 nM VEGF produces a maximal response in our permeability model (25), we chose this concentration for further studies.
Signaling through ERK-1/2 in VEGF-induced hyperpermeability. VEGF at 1 nM increased the permeability of HUVEC monolayers to FITC-Dx 70. This increase was significantly attenuated by pretreatment with the selective MEK inhibitor PD-98059 ( Fig. 2A) . Pretreatment with 20 M PD-98059 also effectively blocks VEGF-induced phosphorylation of ERK-1/2 at the activation site containing Thr-183 and Tyr-185 (Fig. 2, B and C) . These data suggest a role for MEK in VEGF-induced hyperpermeability.
To further test whether ERK-1/2 signaling mediates VEGF-induced hyperpermeability, we depleted ERK-1/2 in HUVEC monolayers with antisense DNA oligonucleotides directed against ERK-1/2 and examined permeability changes in response to VEGF. Treatment of HUVEC with antisense oligonucleotides directed against ERK-1/2 for 16 or 24 h partially reduced ERK-1/2 protein, whereas treatment for 40 h depleted ERK-1/2 to an undetectable level (Fig. 3A) . ERK-1/2 depletion was not observed on treatment with sense or scrambled control oligonucleotides for 40 h (Fig. 3B) . Depletion of ERK-1/2 protein by 40 h of antisense oligonucleotide treatment also abolished VEGF-induced hyperpermeability, whereas sense and scrambled control oligonucleotides did not (Fig. 3C) . These results indicate that VEGF-induced hyperpermeability is mediated by ERK-1/2.
Role of upstream mediators of ERK-1/2 in VEGFinduced hyperpermeability.
We next investigated the roles of Raf-1 and PKC in VEGF-induced ERK-1/2 activation and hyperpermeability. To block Raf-1, a direct regulator of MEK, we used a novel, selective Raf-1 kinase inhibitor, GW-5074 (24) . Pretreatment of HUVEC for 1 h with 0.5 or 1 M GW-5074 attenuated VEGF-induced ERK-1/2 phosphorylation, whereas 5 M GW-5074 abolished VEGF-induced ERK-1/2 phosphorylation (Fig. 4, A and B) . GW-5074 also significantly attenuated VEGF-induced hyperpermeability (Fig. 4C) . C: confluent HUVEC monolayers were treated with ERK antisense or control oligonucleotides for 40 h, and permeability was determined for a 60-min baseline period, followed by a 60-min period in the presence of 1 nM VEGF or vehicle. For all groups, n ϭ 3. * P Ͻ 0.05 with respect to paired baseline.
PKC has been described as a direct upstream mediator of Raf-1 (9) . We tested the role of PKC in VEGFinduced hyperpermeability and ERK-1/2 activation. The selective PKC inhibitor BIM I (10 M) abolished VEGF-induced phosphorylation of ERK-1/2, whereas an inactive bisindolylmaleimide, BIM V, did not (Fig.  5, A and B) . In addition, pretreatment of HUVEC with 10 M BIM I also abolished VEGF-induced hyperpermeability (Fig. 5C ), whereas BIM V had no effect.
NO and VEGF-induced ERK-1/2 activation. We have previously shown that inhibition of NOS abolishes PKC-mediated changes in permeability (33) and VEGF-induced hyperpermeability (25) . We therefore tested whether VEGF-induced increases in ERK-1/2 phosphorylation are mediated by NOS. Pretreatment of HUVEC with 200 M L-NAME for 1 h did not affect the increase in phosphorylation of ERK-1/2 caused by 1 nM VEGF (Fig. 6, A and B) . However, L-NAME pretreatment did block VEGF-induced hyperpermeability (Fig. 6C) , consistent with our previous data (25) .
To further test the role of NO in VEGF-induced ERK-1/2 activation and hyperpermeability, we pretreated HUVEC with PTIO, a scavenger of NO. Treatment with PTIO did not significantly affect VEGFinduced ERK-1/2 activation (Fig. 7, A and B) . In contrast, pretreatment of HUVEC with 100 M PTIO blocked VEGF-induced hyperpermeability (Fig. 7C) . These observations suggest that NO production is not necessary for VEGF-induced ERK-1/2 activation, but NO does have an important role as a mediator of VEGF-induced increases in permeability.
Exogenous NO, ERK-1/2 activation, and permeability. Because other investigators have suggested that VEGF-induced ERK-1/2 activation may occur via the NOS-cGMP pathway (19, 30) , we also tested the ability of exogenous NO to activate the ERK-1/2 pathway and to increase permeability in our model. When applied at 10 M, the NO donor SNAP caused a slight increase in ERK-1/2 phosphorylation (P ϭ 0.09 compared with controls), which peaked at 1-3 min and returned to baseline by 5 min (Fig. 8, A and B) . This small increase in ERK-1/2 phosphorylation was markedly less than the degree of ERK-1/2 phosphorylation caused by 1 nM VEGF.
Application of 10 M SNAP significantly increased HUVEC permeability, but VEGF did not affect permeability when applied at 2 M (Fig. 8C) . Interestingly, pretreatment of HUVEC monolayers for 1 h with 20 M PD-98059 attenuated SNAP-mediated hyperper- Fig. 7 . Depletion of NO does not block VEGF-mediated ERK-1/2 activation but does attenuate VEGF-induced hyperpermeablity. A: confluent HUVEC were pretreated for 1 h with the indicated concentrations of 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO; a NO scavenger) and subsequently treated for 5 min with 1 nM VEGF. Activation of ERK-1/2 was assessed by immunoblotting for the diphosphorylated, active form of ERK-1/2. B: mean ratios (ϮSE) of PP-ERK-1/2 to total ERK-1/2 from 3 experiments are shown for each group. C: HUVEC monolayers were pretreated with 100 M PTIO for 1 h before the addition of 1 nM VEGF for an additional hour. The direct effect of PTIO was assessed by adding 100 M PTIO after a 1-h baseline period. Data are expressed as means HUVEC permeability to FITC-Dextran 70 Ϯ SE. For all groups, n ϭ 3. *P Ͻ 0.05 with respect to controls. Gnitro-L-arginine methyl ester (L-NAME) for 1 h, followed by treatment with 1 nM VEGF for 5 min. PP-ERK-1/2 and total ERK-1/2 were detected by immunoblotting, and the mean (ϮSE) ratio of PP-ERK-1/2 to total ERK-1/2 for each group (B) was determined. C: confluent HUVEC monolayers were pretreated for 1 h with 200 M L-NAME before the addition of 1 nM VEGF. The direct effect of L-NAME was assessed by adding 200 M L-NAME after a 1-h baseline period. Data are expressed as means HUVEC permeability to FITC-Dextran 70 Ϯ SE. For all groups, n ϭ 3. *P Ͻ 0.05 compared with controls.
meability. These data suggest that exogenous NO increases permeability in part by activating MEK-dependent pathways, but also by other signaling targets that are independent of the MEK-dependent pathways.
DISCUSSION
We demonstrated here that ERK-1/2 mediates the VEGF signaling cascade leading to increased permeability in vitro. Our demonstration is based on the ability of both pharmacological blockade of ERK-1/2 activity and depletion of ERK-1/2 by antisense oligonucleotides to abolish VEGF-induced hyperpermeability. We also documented that Raf-1 and PKC, two recognized upstream mediators in the ERK-1/2 pathway, participate in both VEGF-induced ERK-1/2 activation and hyperpermeability. In addition, we have shown that NO, although an important mediator of VEGF-induced hyperpermeability, does not seem to have a significant role in VEGF-induced ERK-1/2 activation. Furthermore, we have demonstrated that SNAP-induced hyperpermeability can be attenuated by blockade of MEK. Our results support the hypothesis that VEGF causes increased permeability through at least two pathways: one including PKC, Raf-1, MEK, and ERK-1/2; and the other including PKC and NOS. Our data also support the hypothesis that areas of cross-talk exist between these two pathways.
Our studies of the time course for VEGF-induced activation of the ERK-1/2 pathway showed a timedependent increase in the dually phosphorylated, active form of ERK-1/2. The amount of phosphorylated ERK-1/2 was maximal 5 min after administration of 1 nM VEGF and decreased back to control levels 30 min afterward. Other investigators have reported a similar time course of VEGF-induced ERK-1/2 activation, using two-to fourfold higher concentrations of VEGF (5, 18) . We also demonstrated that VEGF-induced ERK-1/2 activation is concentration dependent. Although 0.01 nM VEGF produced little ERK-1/2 activation, concentrations of 0.1 and 1.0 nM VEGF reached a plateau at a significantly higher level of phosphorylation.
Our study is the first to demonstrate that depletion of ERK-1/2 with antisense oligonucleotides can inhibit VEGF-induced hyperpermeability. These data are consistent with our demonstration that pharmacological inhibitors of MEK and Raf-1, two well-described upstream mediators of ERK-1/2, block VEGF-induced hyperpermeability. Our results are concordant with the results of other studies using endothelial cell monolayer models (5, 21, 25, 42, 43) . However, in studies using frog microvessels, ERK-1/2 inhibition failed to block a VEGF-induced increase in hydraulic conductivity coefficient (3, 31) . This discrepancy may be due to differences in experimental models and species.
We also showed that inhibition of PKC blocks VEGFinduced hyperpermeability. These data are in agreement with studies documenting PKC as a mediator of microvascular permeability (10, 22, 33, 40, 43, 45, 47) . One recent study (37) has suggested that PKC blockade enhances VEGF-induced hyperpermeability. However, this observation relies on protein extravasation data from the Miles assay, which lacks the necessary controls over blood flow to make accurate conclusions about microvascular permeability.
The eNOS-cGMP pathway for regulation of endothelial permeability is well established (20, 25, 33, 34, 42, 44) . In porcine coronary venular endothelial cells, inhibition of NOS blocks activation of ERK-1/2 by VEGF (30) . There is also evidence that the NO-cGMP-PKG pathway activates Raf-1 (19) . We and others have demonstrated that inhibition of NOS blocks VEGFinduced hyperpermeability (25, 44) . In the present study, inhibition of NOS with L-NAME blocked VEGF- For the control and 10 M SNAP groups, n ϭ 3; for the 2 M SNAP group, n ϭ 7; and for the SNAP ϩ PD-98059 group, n ϭ 4. B: confluent HUVEC were serum starved for 16 h and then treated with 10 M SNAP for the indicated times. HUVEC exposed to 1 nM VEGF for 5 min are also shown for comparison. Activation of ERK-1/2 was assessed by immunoblotting for the diphosphorylated, active form of ERK-1/2. Mean ratios of PP-ERK-1/2 to total ERK-1/2 were calculated for each group. For each group, n ϭ 4. Data are expressed as means Ϯ SE. *P Ͻ 0.05 with respect to controls.
induced hyperpermeability but failed to block VEGFinduced ERK-1/2 phosphorylation in HUVEC. Although this observation is in contrast to previous findings using porcine coronary venular endothelial cells (30) , it is concordant with studies in HUVEC (16) . Our results suggest that NO does not modulate VEGFinduced ERK-1/2 phosphorylation. This finding, however, may not be true for all endothelial cell types.
It is also worth noting that the role of NO in ERK-1/2 activation may vary for different agonists. Activation of the NO-cGMP pathway with cGMP analogs promotes increased permeability across HUVEC monolayers by a mechanism involving ERK-1/2 (42) . In the present study, exogenous NO caused increased permeability and a weak phosphorylation of ERK-1/2. Also, blockade of the ERK-1/2 pathway attenuated SNAP-induced hyperpermeability.
The precise sequence of events in the regulation of endothelial permeability remains unclear. A recent biochemical study (6) shows that dissociation of the ERK-1/2-eNOS complex on stimulation with bradykinin leads to eNOS activation. Therefore, it is possible that ERK-1/2 may regulate permeability by influencing eNOS activity. Another likely possibility is that the NO pathway acts in parallel to the ERK-1/2 pathway in VEGF-induced hyperpermeability, with areas of crosstalk. These pathways may in turn influence the different biochemical components of endothelial cells that work concomitantly in the regulation of permeability, namely, junctional proteins, the cytoskeleton, and focal adhesion proteins (46) .
In summary, we demonstrated, by depletion of ERK-1/2 protein with an antisense strategy, that the ERK-1/2 pathway mediates VEGF-induced endothelial hyperpermeability. We propose that VEGF-induced, NOmediated enhancement of permeability is associated with a separate signaling pathway largely independent of ERK-1/2 phosphorylation. Our data support the existence of areas of cross-talk between these two pathways.
